This work investigated how sourdough fermentation improves maize bread quality. Maize sourdoughs were made by fermenting maize flour with multiple strains starter culture and with Lactobacillus plantarum. Sourdough fermentation of maize dough brought about a 25-26% increase in loaf volume of maize bread. Confocal laser scanning microscopy revealed a cohesive dough structure in the sourdoughs. Larger cells were also observed in maize breads with maize sourdough. Differential scanning calorimetry showed that maize sourdough had a slightly lower endothermic peak temperature and higher endothermic peak enthalpy than straight maize dough. Rheological analysis showed that maize sourdoughs had a shorter relaxation time. Strain sweep analysis suggested that maize sourdoughs had the lowest elastic modulus, all indicating a softer and less elastic dough. Temperature sweep analysis showed an initial less elastic dough and a final high tan delta, suggesting that the maize dough could withstand gas expansion pressure during baking without crumbling. It appears that improvement in maize bread quality by sourdough fermentation is primarily due to starch granule modification which makes the dough more cohesive, soft and less elastic and improves its ability to trap and withstand the pressure of the expanding carbon dioxide during fermentation and baking.
Introduction
Due to the high cost of wheat importation in countries where the climatic conditions do not favour its cultivation, for example tropical and sub-tropical Africa, alternative sources of bread making flour such as maize are required (reviewed by Goodall et al., 2012) . According to FAOSTAT (2012) , maize is by far the most important crop produced in Africa (about 69.6 million tons). However, the challenge is to produce bread from maize that will imitate closely the desirable qualities (high loaf volume and open crumb structure) that make wheat bread acceptable by consumers. Wheat gluten is the only protein with the proper functionality to produce high-quality breads (reviewed by Mejia et al., 2012) . This is attributed to its unique property of forming strong viscoelastic dough when hydrated (reviewed by Goodall et al., 2012) .
The use of maize in wheat-free and gluten-free breadmaking is not common. The few investigations have included additives such as egg and maize starch (Sanni et al., 1997) , improver (S500 Acti-plus, Puratos) (Brites et al., 2010) , soybean flour and ascorbic acid (Edema, 2011) , hydroxy propyl methyl cellulose (De la Hera et al., 2013) to aid the final quality of maize bread. The use of additives increases the cost of the final wheat-free bread (reviewed by Moroni et al., 2009 ), a critical issue where consumers are food insecure.
Sourdough fermentation seems to be a promising alternative to the use of additives since it is a natural and inexpensive process (reviewed by Moroni et al., 2009) . Sourdough is a mixture of flour and water that is fermented by naturally occurring lactic acid bacteria (LAB) and yeast (Hammes and Gänzle, 1998) . Success has been reported in the use of sourdough fermentation on the improvement of the quality of wheat bread and some wheat-free breads (reviewed by Arendt et al., 2007; Edema et al., 2013) .
The positive effects of sourdough on the quality of wheat breads may be attributed to the direct influence of low pH on structure forming dough components such as gluten, starch and arabinoxylans (reviewed by Schober et al., 2003) . Although maize does not contain gluten, gluten-like functionality of zein (maize prolamin) dough as a result of acidification with lactic acid and acetic acid has been reported (Sly et al., 2014) . The lactic acid bacteria fermentation process also acts on the other major structural component in dough, namely starch (Petrofsky and Hoseney, 1995) . Edema et al. (2013) attributed the improvement in fonio dough and bread brought about by the use of a sourdough to starch modification (slight granule swelling and probably some leaching of starch molecules) to the activities of endogenous amylases from the sourdough microorganism whose activities were favoured at low pH. This present work will focus on how a sourdough fermentation process,which has proven to be effective in improving the quality of fonio bread (Edema et al., 2013) , improves the quality of maize bread with particular attention to its effect on the rheological properties of maize dough.
Experimental

Materials
Refined maize meal (Impala Special Maize Meal, Premier Foods, Isando, South Africa) with a protein content 8.6 g/100 g (db) and a fat content 2.7 g/100 g (db) was milled into a flour using a laboratory hammer grinder (Mikro-Feinmuhle-Culatti MFC grinder, Janke and Kunkel, Staufen, Germany) fitted with a 0.5 mm opening screen. A Lactobacillus plantarum culture (B411) was obtained from the Council for Scientific and Industrial Research, Pretoria, South Africa. ('wild' sourdough) was 6.4 x 10 10 cfu/g and 8.6 x 10 10cfu/g respectively. Chemically acidified maize dough was prepared by adding 0.1% lactic acid to the mixture of maize flour and water to pH 3.4.
Maize bread making and quality analysis
This was performed as described by Edema et al. (2013) with some modifications. The remaining baking ingredients per 100 g of flour were: sugar (10 g), salt (1.5 g), soft margarine (5 g) and instant dried yeast (2 g) and water ( 15 ml). These were added to the sourdoughs and the chemically acidified doughs and mixed together. Stress relaxation was measured using a texture analyser (EZ-L, Shimadzu, Kyoto, Japan). A plastic rod (43 mm diam and 10 mm height) was used at a 25% strain to compress the maize dough for 5 sec, after which the dough was allowed to relax over a period of 180 sec.
Relaxation time was calculated as the time required for the maximum force of compression to drop to 36.8% of its value, as described by Singh et al. (2006) . paraffin oil was added to the edges because it caused a bubbling effect at higher temperatures.
Confocal laser scanning microscopy (CLSM) (Zeiss 510 META system, Jena, Germany) with a Plan-Neofluar 10 × 0.3 objective under natural fluorescence at an excitation wavelength of 405 nm was used. Dough (< 1 g) or maize bread (1mm thick slice) was attached to a slide with double sided tape. Samples were stained with 0.5% acid magneta dye (Maeda et al., 2013) . The stained samples were dried in an oven at 60 0 C for 1 min. Dried samples were mounted on the stage of the CLSM and viewed. Images were captured using a micro-and macro-photography ultra-high resolution digital camera.
Thermal properties of the maize doughs
These were determined by Differential Scanning Calorimetry ( normal air pressure and 50 ml/min flow rate was used. Onset (T o ), peak (T p ), conclusion gelatinization (T c ) temperatures were measured and enthalpy (ΔH) was calculated.
Statistical analyses
All experiments were performed at least twice. Results were analysed using one-way analysis of variance (ANOVA). Fisher's Least Significant Difference Test (LSD) was used to determine significant differences between the treatments at p=0.05. Fig. 1 ). The maize sourdough breads had a more open crumb structure with discrete gas, whereas a compact crumb structure (Fig 1) with ruptured cells (Fig. 2A) was observed in the maize breads made by the straight dough process or with chemical acidification. Less force was also required to compress the maize sourdough breads than required for the maize bread without sourdough ( Table 1 ). The chemically acidified maize bread required the least amount of force to compress the bread. However, it crumbled more easily than the other maize breads ( Fig. 2A) .
Results and discussion
As chemical acidification did not improve the quality of maize bread, this suggests that the effect of the sourdough was much more than simple reduction in pH. Clarke et al. (2002) and Dal Bello et al. (2007) both worked on effects of wheat sourdough on wheat bread quality.
These authors also reported that biological acidification of wheat dough with sourdough yielded breads with greater specific loaf volumes when compared to either the non-acidified or the chemically acidified treatments. Clarke et al. (2002) hypothesized that, due to the addition of sourdough, some physicochemical changes in protein network occurred. They further explained that this changes may have facilitated a greater expansion of the sourdough bread during proofing due to the softer and more extensible nature of the dough. about by sourdough fermentation specifically to starch modification (slight granule swelling and probably some leaching of starch molecules) by endogenous amylases from the sourdough microorganism whose activities were favoured at low pH. Schober et al. (2007) also attributed the improvement in sorghum bread to dough modification. These authors concluded that the major effect of sourdough fermentation was the degradation of proteins soluble in the dough liquid. These authors further proposed that if these proteins were not degraded, they would aggregate upon baking and interfere with the starch gel. As a result, sorghum bread without sourdough fermentation tended to have a large hole in the crumb.
To determine how sourdough fermentation improves maize bread quality, the rheological, thermal and structural properties of the sourdoughs were examined.
Stress relaxation of maize dough
The sourdoughs required a lower amount to force to compress to 25% strain (Fig 3) . They also required a shorter relaxation time [the time required for the maximum force of compression to drop to 36.8% of its value (Singh et al., 2006) ] than the chemically acidified maize dough or the straight maize dough. The lower amount of force required and shorter relaxation time required by maize sourdoughs compared to that required by the chemically acidified maize dough and straight dough indicates that the sourdoughs were softer, and less elastic. Keentok et al. (2002) associated strong wheat flours with longer relaxation times and weak flours with shorter relaxation times. The terms strong and weak when used to describe wheat flour refers to the quality of the gluten for gluten bread manufacture (Tipples et al., 1994) . However, this may not be the case for maize gluten-free dough. With strain sweep analysis, none of the treatments had a significant effect on the linear viscoelastic region of the maize doughs ( Fig 4A I and II) . However, all the treatments showed a higher elastic modulus (Gꞌ) than the loss modulus (Gꞌꞌ). Concerning the temperature sweep analysis, though the elastic modulus (Gꞌ) and complex viscosity ( lower shear stress than the chemically acidified and straight doughs also indicates that the sourdoughs had softer or less elastic dough. This suggests that sourdough fermentation had an effect on the elasticity of maize dough which was not brought about by chemical acidification. According to Hammes and Gänzle, (1998) and Thiele et al. (2002) , sourdough fermentation process does much more to influence the properties of the dough than simply produce acid. Clarke et al. (2002) assumed that the time frame during which enzyme activity could affect the dough constituents was shorter for chemically acidified dough compared to the biologically acidified doughs. They explained that the changing pH values during sourdough fermentation period may also afford passage through a range of pH values close to the optimum for various enzymes present in the dough system. Thus, they suggested that the activity of the protease and amylase enzymes present may be influenced to a greater extent by the pH profile of the biological acidification fermentation period in contrast to the almost instant nature of the chemically acidified time frame. The decrease in tan δ of maize sourdoughs at the end of the temperature sweep analysis may not necessarily mean that they were harder, it may simply imply that at the end of baking, the maize sourdough breads become strong enough to resist rupturing ( Fig. 2A) . However, this was not the case for chemically acidified or straight dough maize bread which easily ruptured.
Dough thermal properties
Maize sourdoughs had a slightly lower peak endotherm than chemically acidified or straight maize doughs (Table 2 ). Maize sourdoughs also had a higher enthalpy for the endothermic peak, indicating a higher energy requirement to disrupt the starch granules. León et al. (1997) working on starch changes occurring in wheat bread baking and storage, and Sanz-Penella et al. (2012) working on developing whole wheat bread with increased nutritional quality using sourdough, both reported that the gelatinization enthalpy of fermented doughs were higher than that of the unfermented doughs.
The changes observed in the thermal properties of the doughs brought about by sourdough fermentation also indicate some starch modification. According to Murphy (2000) , acid predominantly depolymerises the amorphous regions of the starch granule such that when the starch is heated beyond its gelatinisation temperature, starch granules rupture quickly. If the amorphous region is depolymerised, only the crystalline region is left, therefore, more energy will be required to depolymerise this region. Also, acidification increases the water binding capacity of starch granules (Hammes and Gänzle, 1998) . This suggests that lactic acid produced by lactic acid bacteria during sourdough fermentation of maize dough had an effect on the glycosidic bonds in the starch granule, hydrolysing them and enabling the starch granules to absorb water faster. However, since the chemical acidification did not produce the same effect, part of the effect of the lactic acid fermentation was probably due to the activities of endogenous enzymes in the sourdough microorganisms favoured by the low pH, as reported by Edema et al. (2013) . These authors explained starch modification as slight changes in the starch granules, which probably increased water absorption. Similarly, León et al. (1997) and Sanz-Penella et al. (2012) attributed the higher gelatinization enthalpy required by the sourdoughs to be due to better starch hydration during the period of fermentation.
Dough structural properties
When viewed by CLSM, all the maize doughs showed the presence of gas cells (Fig. 2B) .
However, the gas cells were more distinct in the maize sourdoughs. The sourdoughs also showed a cohesive (a complete and continuous matrix) dough structure compared to the chemically acidified or straight doughs which showed more grainy dough structure. Also, few individual starch granules were visible in the sourdoughs, whereas many discrete starch granules were visible in the chemically acidified and straight doughs.
The presence of more distinct gas cells in the sourdoughs is indicative of dough modification improving the dough's ability to withstand the pressure of the expanding CO 2 in the gas cells without collapsing. According to Edema et al. (2013) , sourdough fermentation improves fonio dough by increasing the water absorption capacity of the dough. This in-turn improved dough strength and gas holding capacity of the dough.
The cohesive dough structure observed in the sourdough breads may be related to endosperm matrix protein degradation as explained by Schober et al. (2007) . Degradation of the protein possibly enabled the partial starch hydrolysis and also leaching of amylose. The leached amylose would be capable of forming a network (Goesaert et al., 2005) , which probably resulted in the formation of a cohesive dough structure, as observed.
Conclusions
Sourdough fermentation of maize dough substantially increases loaf volume and results in a more open crumb structure of the bread. Sourdough fermented maize dough is softer and less elastic, but less crumbly than chemically acidified maize dough or straight maize dough. It appears that the improvement in maize bread quality is due to starch granule modification, which although it makes the dough less elastic, improves its ability to trap carbon dioxide and withstand the pressure of the expanding gas in the dough. It may be proposed that softer cohesive dough is the key to make good gluten-free maize bread without the use of additives. 
